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An investfgation of turbojet-engine thrust etu@entation has 
been conducted in the NACA Lade altitude wind tunnel to detetine 
the effect of altitude and flight Mach nuniber on the perfozmmce 
of 8 tail-pipe burner equipped vith 8 variable-area au& nozzle. 
With the variable-area exhaust nozzle, approximately const8nt 
turbine-outlet temper&ture could be mafntained 8t r&ted eugine 
speed during operation of the tail-pipe burner over a r8uge of 
tail-pipe fuel* ratknz 8nd flight conditiona. The fli&t con- 
ditions inwesti&ed were: fli&t Mach numbem from 0.23 to 1.52 
at au altitude of 45,000 feet, fli@M8ch nun&era frcm 0.21to 
0.76 at en altitude of 25,000 feet, 8ud au average flight M8ch nuui- 
ber of 0.22 at altitudes from 15,000 to 45,000 feet. 

At a given fli@Mach number, tith con&ant exhatust-g8a tern- 
perature and turbine-outlet temper&ture, timeming the altitude 
lowered the tail-pipe ccmtbu&ion efficiency and r&Teed the tot81 
fuel-airr8tioandthe epecificfuelcouawzption,wh~Lle theaug- 
mented thrust r8tio rem8ined 8pproximately conetent. At 8 given 
altitude, tith constant ezhaust-g8e tmtper8ture ti turbine-outlet 
temperature, incremiugthe fligbtM8chnnmberraisedthe ccmbne- 
tJon efficiency 8& the augmented thrust ratio and lowered the 
total fuel-air ratio 8nd the specific fuel confmuptfon. 

As p8rt of anertensive~aearchproeplamonthrusta~nta- 
tfon of turbojet euglnes, an kmestigation hw been conducted to 
determine the performance charaoteristics of 8 tail-pipe-burner 
i?Id8ll&tiOn including a Variable*88 erhaust nozzle over 8 wide 
range of simulated flight ccinditiona in the NACALewie altitude 
windtucuel. 
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Previous inveetig8tiona of this research program (references 1 
to 4) have indicated the effect of flame-holder aad fuel-eystem 
design and the effect of altitude 8nd fli&t Mach number on tail- 
pipe-burner performance with 8 fixed-area exh8uet nozzle. From 
these investigations, the most efficient fleme-holder and fuel- 
system configurationwaa aelected &!. inve&i&ed in 8 tail-pipe 
burner with 8 vari&ble-8Y%& exhaust nOZZle. 

D&t& are pr%Iented t0 show the effect6 Of tail-pipe fuel-air 
ratio, altitude, end flight M8ch number on tail-pipe-burner per- 
form8nce at rated engine epeed 8nd 8pRrozimately con&ant turbine- 
outlet temperature. Operational characteristics of the tail-pipe 
burner and WWi&ble-83%8 exhauet nozzle are ale10 reported. 

The J47 turbojet engine used in this investig8tion haa & Bea- 
level static thrust rating of 5000 pour&3 at 8n engine speed of 
7900 rpm and 8 turbine-outlet temprature of 1275O I? (1735O R). 
At this r&tin& the 8ir flat is 8pp??adJII&te~ 94 pounds per SeCand. 
The main componentS of the standard engine are 8 l2-etage axial- 
flow compressor, eight cylindrical direct-flow type combuetors, a 
SiIIgle-St8ge turbine, and 8 t&f1 pipe. The m8~imum diameter Of 
the engine is 37 inches. The over-all length of the engine, with 
the st8niB;pd tail-pipe and exhaust nozzle, is 165 inches. 

Tall-Pipe Burner Assembly 

The etandard tail pipe and exh8ue-t ZtOZZle were replaced by a 

tsil-pipe burner aaeembly 106$ Inches long (fig. l), which included 
8 variable-area eXh8uE#t nozzle. 'Ihe over-all length of the engine 

and tsil-pipe-burner assembly W~EI 2l6$- inch-. Detaila of the tail- 
pPpe burner8sseniblywithdiffu6er innerbody and flameholder are 
ehouu in figure 2. The 8asembly conslets of three eections: (1) 8 
diffuser 41 lnchee long having an outlet-to-inlet 8re8 ratio of 1.9; 

(2) 8 ccWnE!tion chamber 57: inches long oompoaed of two cylindrical 

sections 24 and 2$ inches long 8nd 32 aad 29 inches in diameter, 

. 

respectively, connected by 8 transitian 8eCtion 7$ inches in 
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km&h; 8nd (3) 8 V8ri&ble4r88 erh8lWt nozzle &pproIimate~ 
14 inches long in the full-open posLtion. The projected outlet 

&rem of the nozzle waS variable between 251 and 452 squaze inches. 
The cmbu&ion-chsnber-inlet diameter of 32 inches, which was 
required for low-velocity flqw 8t the fleme holder, ~8s not main- 
tain& Over the entire length of the ccmbustionchaber because 
the VaJFi&ble-8re& exhaust nozzle and the 29-inch-diameter rem 
section of the combustion chamber were supplied 8s 8 single udt 
by the engine mnufaaturer. 

The dIf'fuser and the combustion oh&b& were constructed of 
0.063-inch Inconel. Thedownstreamend of the diffuser innerbody 
terminated 8t the combustion-chamber inlet in 8 blvt end 8 inches 
in diameter; 8 conical depression 4 kches deep 8t thi.S point pro- 
vided 8 sheltered region for seating 8 8t8bilizing flame in the 
center of the caubuetion chamber. A cooling liner constructed of 
0.063-inch Inconel extemied from the combustion-chamber inlet to 

withinl$inche~ of the outlet of th8fixedp&iauof theexh8uSt 
nozzle. This cooling liner provided 8 l/2-inch paSage between 
the liner and the burner shell throu& which flowed 0.06 to 0.08 of 
the t8il-pipe gaer at 8pproxim8tel.y turbine-outlet temperature. !I%e 
lfner wa8 supporbed in the cyllndricsl section8 of the c+bustim 
chanberbymethods ti&tweredeeigmd to permitfreelongitudiaal 
expansion of the 1-r (fig. 2(b)). Interlocking chanaels were 
used to support the cooling liner in the formrd section of the 
combustion chamber. Inorddrtopemitrapid disaesemblgr of the 
tail-pipe burner, the liner in the rem? section wss supported only 
by hat-section stiffenem. These stiffeners were smqelded to 
the liner S&L were held 8gaJnst the burner shell 8% the combustion- 
chamber outlet by sm.11 clips exkrxling l$ inches i&o each hat 
Section. 

The miable-area &h8uSt nOZZle w&S CODStrUCtgd to give 8 
Si?@e-pl8II8 CirCIikC Outlet -8 When closed (fig. 3(8)) and 8bO 
when full open (fig. 3(b)), except that in the open poeition *he 
four corners ofthemovable lips protruded l$inches into the cir- 
CUlSr 83%8. At intemnedi8te pgsftiom the outlet wss irregular in 
shape. Thin matal Se8ling strips were provided between the fixed 
and movable portions of the nozzle to prevent leakage. 

The fuel WSS injected nom8lto the direction of gas flow 
from l2 radial, streamlined tubes (fig. 4) eqg8Kf.y spaced circum- 
ferentially around the diffuser section at 8 plane 26$ inches 
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upstream of the flame holder. E8Ch tube hsd 8 orifices 0.035 inch 
in diameter, thus providing an over-811 pattern of 96 orifices 
equally distributed on four concentric circles. The outer circle 
of orifice8 wss so loo&ted as to prevent fuel from entering the 
pass8ge between the cooling liner 8nd the burner shell. 

A -two-annular-V flame holder (fig. 5), which blocked 30 per- 
cent of the burner cross-eectional area, wss installed at the for- 
w8rd end of the combustion chamber,8s shown in figure 2. The inner 
diameter of the flame holder was considered the minimum th8t would 
prevent overheating of the fleme holder by the stabilizing flame 
seated on the diffuser cone, end the outer diameter of the flame 
holder w&a considered the maximum that would prevent OVerh88ting 
the cooling liner. 

The tail-pipe-burner i@tion system used in this investiga- 
tion wss similar to "eystem B" in reference 1. Thie system incor- 
por8ted au independently controlled fuel pump that provided instan- 
taneous injection of fuel through the 18rge-slot orifice of one of 
the engine fuel nozzle8 at 8 pressure of 100 to 200 pounds per 
square inch 8bOve the large-slot manifold preesure. The introduc- 
tion of this exces8 fuel into the engine coadbustor produced 8 
streak of flams through the turbine to ignite the fuel-air mixture 
in the tail-pipe burner. 

INST~ONAND INSTRUMENTATION 

The engine s.nd.tail-pipe burner asse~&ly were mounted on 8 
wing section that spanned the 20-foot-diameter te8t section of the 
altitude wind tunnel (fig. 1). Dry 8lr was supplied from the tun- 
nel m8ke-up air system throu& 8 duct to the engine inlet. The 
inlet-air duct was connected to the engine by means of 8 friction- 
less slip.joint, which permitted installation drag 8nd thrust to 
be measured by the tunnelb8lance scales. In ordbr to simplify 
the install8tion, no engine or tail-pipe-burner cowling wes 
iIUt8lled. 

Instrument8tion was installed at the engine inlet (station 1) 
and at the three st8tions (6 
assembly shown in figure 2(&j. 

7, and 8) in the tail-pipe-burner 
Air flow was determined from the 

pressure and temperature measurements 8t the engine inlet, eta- 
tion 1. A complete pressure and temperature eurvey was obtained 
8t the turbine outlet, station 6, and static-pressure measurements 
were made 8-t the combustion-chamber inlet, station 7. Total and 
static pressures were measured at etation 8, 1 inch upstream of 
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the outlet of the fIxed portion of the exhaust nozzle, by means of 
a water-cooled survey rake. The drag of this rake was taken -Into 
account in the detemnination of scale Jet thrust. Cross sections 
indioating the arrangement of instrmentation at stations 1, 6, 
md8areahuwninfigure6. Instrumentatfon at station 7 consisted 
of four static-pressure wall. orfffcee 900 apart on the circmfer- 
ence of the tail-pip burner shell. Engbe and tail-pipe fuel 
flows were measured bg oalibrated rotameters. The raethoti of cal- 
culation used to determine the engine and tail-pipe burner perforru- 
once from these raeaa uremente 8re given in the appendix. 

Fuel conf'orming to epecifioation AN-F-32 (kerosene) with a 
lower heating value of 18,550 Btu per pound and a mogen-carbon 
ratio of 0.155, wae used in the engine; fuel cmfomdng to speoi- 
fication AK-F-48b, grade 80 (unleaded gasoline) with a lower heat- 
% value of 19,000 Btu per pound and a hydrogen-carbon ratio of 
0.186, XBB used in the tail-pipe burner. 

The tail-pipe burner wea operated over a range of altitudes 
from 15,000 to 45,000 feet at aa average flight Mach number of 0.22, 
over a range of flight Maoh numbers fra 0.21 to 0.76 at an alti- 
tude of 25,000 feet, and over a range of oomlitions that simulated 
flight Mauh mmibers from 0.23 to 1.52 at an altitude of 45,000 feet. 
The engine-inlet afr temperature was regulated to correspond to 
the stsnbrd total temper8ture for eaoh flight oondftion, except 
that the minfmum average temperature obtained was about -5O F 
(4550 R). The air flow t&o* the inlet duct was throttled frcxn 
approdmately sea-level pressure to the total pressure at the 
engine inlet corresponding to the desired fU&t Maoh number while 
the static pressure in the tunnel test section was maintained to 
eImula.te the desired altitude. A speciel technique was required 
for simulating flight camiitions at an altitude of 45,000 feet for 
flight Mach numbers higher then 0.23 because of air-flow require- 
ments of the engine and limitations of the tunnel-exhauster capau- 
ity. For these simulated-flight conditions, the preisure and the tem- 
perature at the engIn inlet were regulatd to oorrespond to the 
desired flight Mach number at an altitude of 45,000 feet but the 
ambient pressure in the tunnel test section was maintained at a 
mlue that co&esponded to a lmer altitude. The test-eectfon 
ambient pressure was so selected, however, that the edxmst-nozzle 
outlet w&a alwsya choked, with the result that the pressures in 
the engine were unaffected bf teat-section pressure. All the 
internal engine operating cmditiona therefore simul&ed, those of 

c 
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high-speed, high-altitude operation. The thrust obtained at the 
operating condition was adJusted to correspond to the thrust at 
45,OCO feet, ss indicated in the appendix. 

At each flight condition the engine was operated at rated 
speed while the tail-pipe fuel flow and the exhaust-nozzle-outlet 
area were simultaneously varied to maintain the turbine-outlet 
total temperature at approximately 1710° R. The temperature limit 
of 1710° R was selected instead of the r&ted temperature of 17350 R 
in order to provide a margin of safety during experimental 
operation. 

RESULTS AND DISCT.WION 

Results presented herein show the variation of ccanbustiou 
efficiency, exhaust-gas total temperature, augmented thrust ratio, 
a specific fuel consumption with tail-pipe fuel-air ratio at 
approximately oonatant turbine-outlet total temperature and at 
several different flight conditions. The angplented thrust ratio 
is defined as the net thrust with tail-pipe burning divided by the 
net thrust of the standard engine at identical engine opemting 
couditioM. The tail-pipe fuel-air ratio is defined es the ratio 
of tail-pipe fuel flow to the weight flow of unburned air entering 
the tail-pipe burner. Results sre also cross-plotted for constant 
exhaust-gas total temperatures to show the variations of ccanbustion 
efficiency, total fuel-air ratio, augmented thrust ratio, & spe- 
cific fuel consumption with altitude aud flight Mach number at 
coustsnt turbine-outlet temperature. The performance data for all 
fll@t conditions are presented in table I. 

For all data presented herein, the turbine-outlet temperature 
was withizi f50o of 1710° R and examination of the data indicated 
no appreciable effect of this temperature vsziation on the tail- 
pipe-burner performance. Because the engine was operated at con- 
stant speed end at en approximately constant turbine-outlet total 
temperature, the velocity, gas flow, and total pressure at the 
turbine-outlet were approximately constant 8t each given flight 
condition: 

Because of the llmit&tlons of the refrigeration equipnt, 
the minimum engine-inlet temperature obtained in this investiga- 
tion was approximately 45S" R. This temperature is higher than 
the NACA standaH total temperature for aom of the low flight 
Mach nuuiber ami high-altitude couditions (fig. 7). Au analysis 
indicates that, for the rauge of conditions in which et-- 

\ 

. 
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The effecd of 8ltituae on the variation of pereom8nce with 
tail-pipe fuel& ratio is shown in ffgure 8 for an average flight 
Mach nuuiber of 0.22. At a given tsil-pipe fuel-8ir ratio, an 
incrmse in altitude reeulted in a reduction of tail-pipe combus- 
tion efficiency, which decre88ed the exhaud-gas temperature and 
au-n&d thrmt ratio and kcreased the specific fuel consumption. 
!TIhe decrease fn tail-pipe cambustion efficfency ie prim8rfl.y due to 
reductions In turbine-outlet tot81 ~esm.re, inaammh 8s the 
turbine-outlet temperature and combustfon-chaniber-inlet velocity 
remaIned approximately constant for 8ll flight conditions. 
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altitude temperature was not obtained, the t8il-pipe burner per- 
fom8noe obtainable with standard-altitude engine-inlet termper&- 
tures would have been superior to the performance reported herein. 
For a fli&t Maoh'number of 0.22 at 8ltitudes of 35,000 and 
45,000 feet, vhere the vari8tion frcen atandazd temperature was 
gre8test, operation at st8zdard inlet tmperaturea for rated engine 
speed and constant turbine-outlet temperature would give 811 engine 
temperature ratio 15 percent higher ad an adjusted engine speed 
7 percent higher. Performmoe cha;racterlatics of the en@ne are 
such that the turbine-outlet pressure at these stanA colldftiom 
would be apprcacimately 10 percent higher than the turbine-outlet 
pressure obtained with an engine-inlet temperature 6f 4550 B. The 
experJment8l results presented irtdic8te tit such an increase in 
turbine-outlet pressure would tend to r8fee the tall-pipe cambns- 
tion efficiency and the exhaust-gas temprature for 8 given tail- 
pipe fuel-8ir ratio. The augmented thrust ratio for 8 given 
exhaust-gas temgez%ture, however, would not be appreciably affected 
by the 15-percent change Sn engine-inlet 8bBolute tvrature 
beoauae the au@mntd net thrud would increase approximately in 
p3?0portfonto the stad8&-engine netthrmt. The specific fuel 
cOll8mption, 8t 8 constant fuel-8lr ratio, would be reduced 8mu.t 
6 percent by the increase in8ugnentdnet$hrust. 

EPfect of Altitude 

At each altitude, the edmu&-@a temper&t..ure, augmented 
thrust ratio, 8&l specific fuel consumption incremed with tail- 
pipe fuel-a* r8tio over the entire range investig8ted. !t!he tail- 
pipe fuel-air ratio at whichzmximm cmbuetion efficiency occurred 
increasea frcm approximately 0.039 to 0.044 85 the 8ltitude wa8 
raised fram 15,000 to 45,000 feet, For this increase in altitude 
the mximum efficfency was reduced frcm 0.81to 0.58. When the 
tail-pipe fuel-air ratio x&8 increased beyond the value 8t which 
peak combugtfon efficiency occurred, the incre8aes in exh8u8t-g8a 
temperature-and augmented thrust ratio becams 1~s pronounced. 



D&t& shown in the fOregOin@; curves sre CLVSS-plotted in fig- 
ure 9 to show the effect of altitude on perfO=Ce at exhaust-g8s 
temperatures of 2600°, 2800°, 8nd 3000° R. The performance va;ria- 
tion with altitude was similar for each exhaust-gas temper8ture. 
An increase in altitude was accompanI.ed by 8 reduction in ccsibus- 
tion efficiency and an increase intot fuel-air ratio. At 8n 
exhaust-gas temperature of 28OOO R, .the au&men&l thrust ratio, 
for 8 flight Mach number of 0.22, remained 8pproximately Con&a& 
at 1.26 but the specffic fuel consumption increased.from 2.25 to 
2.96 as the altitude was increased from 15,000 to 45,000 feet. 
For the same change in alti.tude.the standard-engine specific fuel 
consumption varied from 1.23 to 1.27. 

$ffect of Flight M8ch Humber 

The effect of flight M8ch number on the varT8tion of perform- 
8nce with tail-pipe fuel-air ratio is shown in figure 10 for an 
altitude of 25,000 feet and in figure 11 for an altitude of 
45,000 feet. At each altitude, the bore-es in turbine-outlet 
pressure that 8cccmp&nied Increase.8 in flight Maoh number r&teed 
the combustion efffciency for 8 given tail-pipe fuel-air ratio and 
thereby incressed the etiaust-g&s temperature. At 8 given fuel- 
air ratio the &u@ented thrust ratio also increased with flight 
Mach number a.t each altitude. At an 8ltltude of 25,000 feet and 
fuel-air ratios above 0.045, the flight Mach number had no Etpparent 
effect on the speqific fuel consumption. At sn 8ltitude of 
45,000 feet, however, the specific fuel consumption was reduced 
when the flight Mach number wes increased at 8 given tail-pipe 
fuel-air ratio. 

b 

. 
- 

At e8ch flight Mach number, the Sxh8Iist-@3temper&ture, 8Ug- 
mented'thrust ratio, and specific fuel consumption increased with 
tail-pipe fuel-&r ratio over the entire range investigated. At 
an altitude of 25,000 feet, the tail-pipe fuel-air ratio at which 
maximum combustion efficiency w8s Obtained decreased from 0.043 at a 
flight Mach number of 0.21 to 0.036 8t 8 flight Mach number of 0.76. 
Tar this increase in flight Mach number the msximum effioiency 
incressed from 0.78 to 0.87. At an altitude of 45,000 feet, the 
mimum combustion effiOienCy OCCUrred 8t 8 tail-pipe fuel-air 
ratio of approximately 0.048 for flight Mach numb- from 0.63 
to 1.52. For this inore8se in flight Mach number, the maxImum 
efficiency Increased from 0.71 to 0.76. 

D&t& obtained at altitudes of 25,000 and 45,000 feet 8re crosa- 
plotted in figures- 12 and 13, respectively, to show the effect of 

, 
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flight Mach number on perfo rm8nce 8tseveZXlCoIlStaIIt exh&ust-gSS 
tempr8tures * The vari8tion of perfomsnoe with flight Mach mm- 
ber was similar for each exh&ust-gas temperature and altitude. 

At 8 con&ant exhaust-g8e taaper8tur8, the tail-pipe ccmbus- 
tion efficiency increased with flight Mach number ti, therefore 
the tot81 fuel-air ratio was reduced. The augmnted thrust ratio 
increased amF the specific fuel consumption decreased with increas- 
ing flight Mach number 8t 8 COnStaIIt exhaust-g%! tW$er&tUre. The 
specific fuel consumption of the standard engine, however, increased 
to 8 maximum at a flight Mach number of about 0.70 8nd rem8ined 
approxtitely constant at higher flight Mach numbers. The highest 
augmented thrust ra;tio obt8ined in this investig8tion was 1.74 8t 
8 flight Mach nmiber of 1.52, 8n altitude of 45,000 feet, and &I1 
exhaust-gas temperature of 32000 R. Corresponding values of tail- 
pipe couitmstiou efficiency and specific fuel consumption were 0.76 
and 2.52, respectively. 

The friction pressure drop from station 6 to station 8 in 
the tail-pipe burner when inoperative was 0.056 of the total pres- 
sum at the turbine outlet, as compared with 0.032 for the standard- 
engine tail pipe. 68lOlIl&tiOIlS.indiCate that the thl”uSt loas 
caused by this increase in tail-pipe pressure loss ranges from 
3 percent at low flight Mach numbers to 1 percent at high flight 
Mach numbers. 

The data obtafned in this investigation subst8ntiate the 
results of previous investigations, euch es reference 2, in that 
the tail-pipe cc&m&ion efficiency is advemely affected by 
reductions in turbine-outlet pressure aud that the effect is most 
severe at pressmeo below about 1000 pour& per squ8re foot. Ln 
order to illustrate this trend, data from figures 8; 10, and llhave 
been cross-plotted in figG?e 14. At 8 constant tail-pipe fuel-air 
ratio of 0.040, decreasing the turbine-outlet tot81 pressure frm 
2400 to 1000 pounds per square foot caused an average reduction in 
tail-pipe combustion efficiency of about 0.15, and when the pressure 
was reduced below lm pounds per square foot the c~bustion efficiency 
decreased at 8n accelerated r8te. The ra8ximma CoIlibustiOn effi- 
ciencies were similarly influenced by turbine-outlet total pres- 
sure, although the fuel-air r8tio 8t which maximum combustion 
effioienoy was obtained increased as the pressure deoreaeed. 

Operation81 Chexacteristics 

Tail-pipe-burner i~ition. - Ignition of the tail-pipe-burner 
fuel by means of 8 flame s-&e&k f'rcm one of the engine combustors 
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proved to be an extremely reliable method in this investig8tion,8s 
well as in previous investigations. With this ignition system, 
tail-pipe-burner combustion was consistently started at r&ted engine 
Speed and at all flight ConditiOIIE3, provided t&&t 8 ccmbuatible 
mixture w8s present. Over 150 such starts were made during the 
investig8tion. Inspections of' the turbine showed no damage due to 
the use of this ignition system. 

Range of t&il-pipe fUf31-8ir r8tiOS. - With turbine-outlet tem- 
peratures of 1660° to 1760° R, tail-pipe combustion blow-out w8s 
not encountered in the r8nge of tail-pi&B fuel-air r8tiOS and 
flight conditions investig8ted. Limfting-turbine-outlet-temperature 
operation with the exhsust nozzle fully open was obtained at all 
flight conditions except two at which overheating of the tail-pipe 
shell occurred (subsequently discussed). As previously indic&ted, 
the exhaust-gas temperature obtained with the exhaust nozzle fully 
open varied from 3400° R at hi@ flight Mach numbers to 2800° R 
at the lowest flight Maoh number and highest altitude. The tail- 
pipe fuel-air ratios required for these temperatures ranged frm 
0.058 to 0.045 and the comesponding tot81 fuel-air ratios were 
0.061 to 0.051. The results indicate that at ftight conditions 
where no excessive shell temperatures were encountered the use of 
831 exhaust nozzle with 8 larger fully-open outlet 8rea would have 
permitted an increase in the maximum fuel-air ratio with as attend- 
8nt increase in the maximum exhaust-gss temperature. The minimum 
tsil-pipe fuel-air ratio at which -perfO??manCe data were obtained 
was about 0.025. BeC8USe the 8ugIZIented thrust r&t106 8t this fuel- 
air ratio ranged from 1.25 at high flight Mach numbers to 1.0 at 
low flight Mach numbers, operation at lower fuel-air ratios was not 
considered of interest. 

Tail-pipe-burner shell oooling - The gas flow through the 
passage between the cooling liner Ad the burner shell provided 
&deqUate shell cooling at 811 flight conditions, eXCepti at 8 tail- 
pipe fuel-8ir ratio of approxlmebtely 0.045 am3. 8t an altitude of 
15,000 feet a;nd 8 fli@plt Mach number of 0.22 and at an altitude Of 
25,000 feet and flight Mach numbers 8bove 0.59, which correspond 
to turbine-outlet total pressures higher than 2000 pounds per 

square foot. A continuous liner approximately 5$ feet long 

(fig. L) was used throughout the investig8tion, during which the 
total operation time with tail-pipe burning was 17 hours. The con- 
dition of the liner after the ccsrpletion of the investigation is 
shown in figure 15. The progressive buckling of the liner was mUoh 
more severe in the rear section of the combustion chamber than in 
the forward section because: (8) The exhaust-g8B temperature was 
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higher in the reSr Section; (b) the pressure difference &cross the 
liner was greater because of $he reduction in ocanbustion-chaniber 
diameter; and (c) the hat-section stiffeners provided lese suppccrt 
ag8inSt collapeing of the liner than the interlocking ch8nnels. 
The burning of holes in the liner shown in figure 15 occurred dur- 
ing the lest 2 hours of tafl-pipe-burner oper8tion. This damage 
resulted fran loc8l.izeh hi& taqer&tures on the liner caused by 
excessive buckling that distorted the flow of cooling gas. 

Wazping of the exhauet nozzle, which c8used the mvable lips 
to bind 8nd acme of the thin metal se8ling Stripa to burn &~-8y, 
w&8 enCOtUltered in an ealier investigation with 8 VSZi&ble-SZe8 
exhaust nozzle identical to the one used in this investig8tion. 
In order to prevent such warping, the etiS.ust nozzle used in this 
investig8tion waa supported by 8 rectangulez steel freme (fi@. 1 
8d 15(a)). With the exhaust nozzle so strengthened, no failures 
were encountered during the 17 hours of tail-pipe-burner operation. 

Results of &~1 investig8tion to determine the effect of alti- 
t&e and flight Mach number, 8t r&ted eIlgiIl0 speed 8Zld &ppoXi- 
mately constant turbine-outlet temperature, on the performSnoe of 
8 32-inch-diameter tail-pipe burner equipped with 8 VeJ?i&ble-meta 
exhaust nozzle were &8 follaua: 

1. At a given tail-pipe fuel-air r8ti0, incre8Bing the alti- 
tude from 15,000 to'45,OOO feet with SD aver8ge flight M8ch number 
of 0.22 caueed 8 subst8nti8l reduction in ccanbustion efficiency, , 
which resulted in corresponding reductions in eti8ust~g8S tempera- 
ture and auepentedtbrustratio 8ndincreases inspecifiofuel 
consLnn.ption. At aoonst~ntexh&~t-gas temperature, this increase 
in 8ltiixd.e reduced the con&u&ion efficiency 8nd raised the total 
fuel-air r8tio and specif'io fuel consumption, while the augmented 
thruStr8tio remained ap-proxfmately constant. 

2. At 8 given tail-pipe fuel-air ratio, inCreaSing the fli&t 
M8ch number at altitudes of 25,000 8nd 45,000 feet raised the can- 
bustion efficiency, exhauet-g8S temperature, and 8u@qnted thrust 
ratio 8nd lowered the specific fuel collrsumption, except that at 
8n altitude of 25,000 feet; flight Mach number had no app8rent 
effect on the specific fuel consumption 8bOVe 8 tail-pipe fuel-air 
ratio of 0.045. For 8 COnSt8nt eih&U8t-g88 tmpr&ttU%, an inCreaSe 
in flight Mach number at 8 given al*itude increased the oanblustion 
efficiency and the augmented thrust ratio and reduced the total 
fuel-air ratio and the Specific fuel consumption. 
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3. The vaxiatiom in tail-pipe ocmbustion effioienoy with alti- 
tude and flight Mach number at 8 given tail-pipe fuel-sir ratio . 
were primarily due to the ohauges in turbine-outlet pressure, the 
combustion efYiciency incre=ing vith turbine-outlet pressure. 
The hi&eat ta-ll-pipe caubustion efYioienoy obtained in this inveeti- 
g&ion was 0.87 8t 8 t&11-pipe fuel-8ir ratio of 0.036, 8 flight % 
Mach mm+? af 0.76, and an altitude of 25,090 feet. 3 

4. A ~imum 8ugmented thrust r&t10 Of 1.74 w88 Obtained 8t 8 
flight Mach number of 1.52 aud an altitude of 45,000 feet with an 
exhaust-gae temperature of 3200' R, 8 tail-pipe oombuation efficiency 
of 0.76, and 8 specific fuel consumption of 2.52. 

5. The thrust loss due to the friction preseure drop across 
the tail-pipe burner when inopemtive ranged frm 3 percent of the 
net thrust obtsinable with the slxmdard t&i1 pipe 8t low flight 
Mach numbers to 1 percent at high flight Mach numbers. 

6. No tail-pipe-bu?XIer ccabustion blow-out was encountered in 
the rouge of operating conditione investig8ted. 

7. Tail-pipe-burner shell cooling w&8 adequ8te to petit 
limiting-turbine-outlet temperature oper8tion with tail-pipe bum- 
in@; over the full range of exhaust-nozzle azeaa at 8ll flight con- 
ditions except those at which the turbine-outlet pressure ~8s 
higher thau 2000 pounds per sqmre foot. 

&wti Flight P3?opulsion L&bor&tory, 
H8tion8l Advisory Committee for Aeronautics, 

Cleveland, Ohio. . 
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A 

B 

cr 

D 

I1r 

";I 

Fn 

F n,e 

f/8 

g 

H 

hc 

M 

N 

P 

pt3' 

A2PENDIx - C~IONS 

cross-sectional area, sq ft 

thrust-scsle b8lancefcxce, lb 

jet-thrust coefficient, ratio ok scale jet thrwt to r8ke ' 
jet thrust 

thermal-expansion ratio, ratio of hot-exhaust-nozzle area 
to cold-ea8ust-nozzle 8re8 

external drag of install8tion, lb 

drag of exh&ust-nozzle %u33wy r8ke, lb 

jet thrust, lb 

net thrwt, lb 

eta&ad-engine net thrust, lb 

fuel-air ratio 

&cceler&tion due to gravity, 32.2 ft/sec2 

tot81 enthctlpy, Btu/lb 

lower heating value of fuel, Btu/lb 

Machnumber 

engine speed, rFp31 

ad-ted en&m speed, rp~ (engine speed divided by square 
root of ratio of 8bEOlUte engine-inlet total temperature 
to 8bEOlUte engine-inlet total temperature st NACA siand- 
8rd-altitude condition) 

tot81 pressure, lb/aq ft abeolute 

total pressure at e&8ust-nozzle survey station in standard- 
engine tail pipe, lb/sq ft absolute 
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P 

PS 

R 

T 

Ti 

t 

v 

w8 

WC 

Wf 

wf/Fn 

wf3 

Y 

'lb 

. 

NACABME5OE29 

static pressure, lb/aq ft absolute 

tunnel-test-section et&tic pressure, lb,/flq ft 8bSolute 

gas constant, 53.4 ft-lb/(lb)(qi) 

total temperature, OR 

indicated temperature, OR 

static temperature, OR 

velocity, ft/sec 

air flow, lb/set 

cmpressor-leakage air flow, lb/sea 

fuel flow, lb/hr 

specific fuel consumption based on total fuel flow and net 
thrust, I.b/(hr)(lb thrust) 

gas flow, lb/sea 

ratio of specific h08tS for gases 

combustion efficiency 

Subscripts: 

Ebir 

engine 

fuel 

station at which static pressure of jet equals free-stresm 
static pressure 

fuel manifold 

exh8ust-nozzle survey rake 

-- 
. 

s 

\ 

. 
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8 

t 

scale, condition 

tail-pipe burner 

, 
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at which scale thrust w8s measured 

X inlet duct at frictionless aLip joint 

0 free-stream conditions 

1 engine IriM 

3 engine-cc&u&or inlet 

6 turbine outlet or dTf'fueer inlet 

7 tail-pipe combustion-chamber inlet or diffuser outlet, 
G inches uptream of flame holder 

8 exhauet nozzle, 1 inch upstream of exhauetaozzle fixed- 
porf~ion outlet 

Temper8tures. - Statics temperature6 were detetined fram indi- 
C&ted tnm-per8ttl3.W tith the following relation: 

b&thOdS Of C&lCti&tiOn 

(1) 

where 0.85 is the impact recovery factor for the type of themo- 
couple us&. 

Fli&$ Mach number and airspeed. - Flight Mach amber and 
equivalent afrspeed were calculat&d from engine-inlet total pres- 
sure 8udter~per8tureby~ssumingcompletefree-stre~mtotal-pressure 
reoovery. I 

Y1-1 

MQ = ;+ % Cr -1 0 

71 
- 1 (2) 
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All? flow. -Airflmrat the engine inletwas 
pressure and temperature mf9amaremnts obtained In 
by the following equation: 

IIAOA RM WOE29 

(31 

datermined ircan 
the inlet annulus 

wa,1 = 'la1 
J-qq (4) 

(y+)Rtl 

Air flow at station 3 was obtained by taking Into amount the 
nmxnmed air lew at the last staga of the mnpresaor in the 
following manner: 

W 
%3 

=W *,I - wc 

GE48 flow. - Gas flow through the engine was determined 88 
follows: 

Y =U wf e 
6326 2x3+- t 3600 @a) 

Gss flow throu& the tail-pipe burner was determIned 88 follows: 

wg,7 = %,8 =%3+ 
Wf,e + %,t 

9 3600 m 

Fuel-air ratio. - !J%e tail-pipe fuel-air ra?Ao used herein la 
cleflned as the weight fluw of fuel injeoted in the tail-pips burner 
divided by the veight flew of unburned dr entering the t&C-pipe 
burner. Ifeight flow of unburned air ~~13 determined by aseuming 
that the fuel injected In the engine sodbustor was o~letely 
burned. By ocmbining air flow, engine fuel flow, and tail-pipe 
fuel flow, the following equation for tail-pipe fuel-air ratio ia 
obtained: 
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where 0.968 is 
fuel. 

The total 
is 

(f/*lt. = *f,t 

3600 wa,3 - wf,e 
0.068 

17 

-(7) 

the stoichiometric fuel-air ratio for the engine 

fuel-air ratio for the engine and tail-pipe burner 

(8) 

*Combustion-chamber-inlet velocity. - Velocity at the cckbuetion- 
chamber fnlet was caloulated from the continuity equation using the 

static pressure measured at station 7, approximately 3$ inches 
upstream of the flame holder and assumi~ isentropic expansion 
between station8 6 and 7. 

Yg-1 

y6 
v7 = (9) 

Combustion efficiency. - Tail-pipe c&bustion efficiency w8a 
obtained by divid2ng the enthalpy rise thr0ugJ.1 the tail-p%pe burner 
by the product of the tail-pipe fuel flow and the lower heating 
value of the tail-pipe fuel. 

'b = 
% ,t%,t TJ ‘T3 TJ 

3mJ *a,3=a I Tl 
+ wf,e%,e I T, 

+ wf,t%,t 1 Tm 
- wf,&o,e 

=: 
Wf,thc,t 

The fuel temperature Tm wae constant at 540' R. The engdne 
fuel was assumed to be burned ccmpletely in the engine; this 
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aesumption involvea an error of lees than 0.5 percent In the value 
of tail-pipe co&u&Ion efficiency. !fhe snthalpy of the combos- 
tion products vae determined from the hydrogen-carbon ratio of 
the fuela by the method explaIned in reference 5, in which dleso- 
ciation ie disregarded. 

Augmented tkru&. - The augmented net thrwt x8er calculated 
by subtrsoting the free-&ream momentum of the inlet aJr froap the 
jet t&u& of the imtallation. 

W* 1 
Fn = Fj - A vo 

g 
(11) 

For the flight conditions at which the tunnel test-section 
etatic pressure wea maintained to simulate the deeired altitudg, 
the jet thrust of the in&allation was determined. from the balance- 
ecale meaurements by the following equation: 

"3 = ?,B aB+D+Dr+ %,lVx 
g 

+ qqr-P*) 

The last two tern represent momentum ami preeeure forces on the 
installation at the slip joint in the inlet-air duct. The external 
drag of the installation was determined from experiments &th 8 
blind flange fnatalled at the engine inlet to prevent air flow 
thrargh the engine. L 

For the coIldltiona Simulating high flight Mach numbere at an 
altitude of 45,000 feet, a method of adjusting the scale jet- 
thrust measurements from the tunnel-pressure altitude to an alti- 
tude of 45,000 feet wae derived BB follw: The ratio between the 
jet thru&2 at an altitude of 45,000 feet and the scale jet thrust 
at the tunnel-pressure altitude may be exgre8sed in terms of gas 
flow, exhwt-g= temperature, and preseure by the equation 

I 1 y8-17 

- 

78-l-t 
70 , 

. 
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vhere the subscript s is used to denote canditio.ns at the tunnel- 
pressure altitude 8-t which the e.cale jet thrust was measured. 
Because the engine-inlet conditions are fixed a&the exhawtnoz- 
zle is choked, the erhaust-gas temperature and the gas floware 
cone tent. The reldion between the jet thrust at an altitude of 
45,000 feet and the scale jet thrust at the tubnel-pressure altf- 
tude therefore becomes 

78-1 

“j = FJ,* 78-l 

r 

Avalue of 308 pounda persqumefoot, corresponding to NACAstend- 
ard: pressure for an altitude cxf 45,000 feet 'k8a used for the 
st*tic pressure pg. In using eqmtion (l3) Xhe af3smptionwea 
made that Cj/Cj e = 1, because the jet-thrust coefficients were 
unavailable in t&e range of tail-pipe pressure ratios correspond- 
ing to the high flight Mach mmbers at 45,000 feet. Because this 
assumption does not take into account the possible reduction in 
jet-thrust coefficient with increases in pressure ratio, the net 
thrusts presented for the hi# flight Mach numbers at 45,000 feet 
ma,y be slightly higher than those actually obtainable and the 
epecificfuelconsumptione uorrespondinglylower. The effect 0r1 
the augmented thrust ratio is negligible, how>ver, because a aimi- 
lax asemptfonwaa *ppli&Lto the caLculationof standard-engine 
thruld. - 

Standard-en&ne thrust. - The et&M-engine net thrust vea 
calculated by subtracting the free-stream mntum of the inlet 
airfromthe jetthzmstof the stamkrd engine. 

W *,I 
Fn,e * Fj,e - 7 '0 (14) 

The jet thxust obtainable with the standard engine at rated 
engine speed was calculated fron meamrements of turbine-outlet 
total pressure and temperature 8nd gas flow obtained during the 
tail-pipe burning program. 
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(15) 

Experimental data from previoue operation of the engine indicated 
that the total-preaeure lees across the standard-engine tailpipe 
between stations 6 and 8 waa 8pproximately 0.032 P6 8t rated 
engine speed.; therefore, Per = 0.968 Pg. The coefficient Cj wae 
obtained from the curve shown in figure 16(a),which wan determined 
from calibration of the engine with a star&&l. tail pipe and 8 
fixed-ma conic81 exhaust nozzle. For the conditions simulating 
high flight Mach numbers at an altitude of 45,000 feet, 8 value of 
308 pomade per equae foot was used for p0, but the jet-thrust 
coefficient Cj we8 assumed equal to the jet-thrust coefficient 
corresponding to the pressure ratio at the tunnel-pressure altitude. 

Exhaust-gpe total temperature. - The tot&l temperature of the 
exhaust RBB was determined from scale jet thrust. etiuat-nozzle 
tot81 prGeeure, and gas flow 88 follG: 

n 

. 

TJ = r 78-l’ 

Cj%,8Q) b-(g) y8. 
The coefficient CI-, for the variable-area exhaust nozzle wee 
obtained from the &rve shown in figure 16(b). The ratio of spe- 
oific heats 78 was baaed on aa eStlmated v8lue of temperature 
obtained by using the scale jet thruet and the projected outlet 
area of the exhaust nozzle to determIne the approximate mcaentum 
at the vena contract*. 

(16) 

Jet-thrust coefficient. - The jet-thrust coefficient Cj, 88 
ueed in the foregoing equations, ia a calibration factor that mag 
be defined as the ratio of scale (actual) jet thrust to the jet 
thrust calculated from pasure measurements by assuming complete 
isentropic expaneion of the exhaust jet. 
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(171 

. 
Thevalueof M8 is determined by P8 and pg; the jet Mach num- 
ber Mj is determined by P8 and ps. The thermal-expansion 
ratio CT was based on efiaust-nozzle skin temperature end obtained 
from reference 6. For the data presented herein the exhaust-nozzle 
skintemperature ranged from15000 to1900°Randthe corresponding 
values of CT varied from 1.016 to 1.026. 
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'p-1 - TAIL-PIPE-B- PERFORMMX DATA 

bin Altitudl 
(rt) 

1 16,ooo 

: xz 
'b , '$mg 

6 a6:ooo 
7 26,OW 
a 25,om 
9 25,000 

10 86,ooo 
11 
12 

26,ooo 
25,000 

:I" g,fg 

;; g:g 

17 z5:ooo 
la 25,ocm 
19 85,OOO 

2 txz 
22 25'ooo 
as es'ooo 
at as:ow 
26 
25 

Z6,OOO 
26,o(lo 

27 26,000 
28 36,OOO 
29 35,000 
so 35,000 
SI s5,ooo 
sa 35,ooo 
s?i 55,ooo 
54 
66 

35,000 

35 
55,000 
s5,ooo 

57 
58 

56,000 
35,ooo 

58 
40 

55,000 
41 

46,000 
46,000 

48 
4s 

46,000 

44 
45,000 
45,000 

45 
45 

45,ooo 

47 
45,000 

42 
45,c'Qo 

49 
45,mo 
46,ooO 

w 4S,ooo 
81 
52 

45,ooo 

2 
45,ooo 
t:,gg 

55 45'ooo 
m  45'004 
67 4S'OQO 
58 
69 

46;OOO 
45,000 

60 45,cxm 
a 45,mo 
52 
53 

45,000 

64 
45,ooo 

56 
45,ooo 
45,000 

= PO = P,. 

nigh 
Ypoh 

1nnbc: 
‘0 

MS6 

:Zi 
220 
.195 
.216 

:E 
.2io 
.2m 

:E 
.400 
.mo 

:E 

:E 
.S95 
.590 
.770 
.76o 
.770 
.n5 
l 768 
.756 
.773 
.2l6 
.a10 
.QlO 
.a6 
.215 
.QlO 
.am 
.f?lu 

:E5 
.806 
.W6 
.eaa 
&-OS 
.846 
.295 
.190 
.810 
.ms 
.5l9 
.869 
.BStJ 
A74 
.a49 
A56 
.863 
.072 
.o07 
.WB 
~.oBa 
.075 
.300 

2: 
.StO 

:Sf 
.Sl4 

466 
474 
466 
464 
467 
U6 

zt 
446 

2 
455 
457 
468 

z 

tzi 
460 
450 
462 

22 
22 
475 
4B8 
456 

tz 
469 

t: 

tz 
474 

z 

z 
474 
462 

t", 
457 

tEi 

t: 

I'= 
466 
46z 

%. 

2: 
420 

2: 

z 
575 

z'g 

57.74 
56.19 
57.28 
57.72 
SQ.OE 
36.70 
56.26 
Se.75 
58.68 
36.15 
42.54 
41.51 
41.19 
40.78 
4o.m 
46.69 
42.06 
47.16 
46.57 
47.85 

z% . 

;:; 

6s:ol 
53.72 
ar.s4 
24.54 

2% 
ar.ss 
24.74 
24.16 
24.14 
23.65 
25.67 
2S.86 
al&?6 
14.91 
14.42 
14.87 
16.75 
14.26 
L4.84 
LO.30 
LQ.z!7 
2S.87 
23.60 
2s.73 
23.76 
2S.e7 
24.04 
29.81 
29.80 
%Z5 
xl.64 
29.18 
56.59 
17.15 
58.16 
5B.26 
k7.ofJ 

5750 
3500 
3550 

xz 
QUO 
2150 
2450 
2460 
2450 
a200 
2740 
2750 

fZ 

Ez 

Ez 
3120 

z-i% 
S?ilO 

&El2 

E  
1610 
1620 
Ml.0 
1670 
1520 

E  
15lo 

:iE 
1SW 
1600 

990 
840 
940 

1000 

El 
l%O 
1240 
Moo 
1Sao 
1490 
1650 

1'22 

EE 

:ts 

z 

EE  

z 
2640 
2700 

5ooo 

Eii 

Ez 
4500 
4ow 
5700 
5200 
2660 
6650 
So10 
.s990 

Ez 
7ooo 
65w 

zz 

2% 
4750 
4475 
4440 
4060 
SE00 
5775 
EE 
3160 
3140 

Ez 
2526 

fE 

Z-2 
1500 

E  

Eii 

Ei 
2500 
awe 

.zE 

EE 

:zz 
4240 

E  
se40 
ZG?OO 

22-i 

Ei 

zz 
4900 

Totcl 
rtd- 

8ir 
r8tic 

r/a 

LO466 
.OUC 
.0391 
.0346 
.05eE 
.04fJa 
.o471 
.0441 
.o407 
.OS6Z 
.05l6 
.0616 
.0454 
.042Q 

2%: 
.OSM 
.OSM 
.052tl 

:Ei 
.oaa 
.04o4 
.OSGZ 
.oS67 
.0567 
.0372 
.0672 

::iX 
.0559 
.MSO 
.MQO 
.o476 
,047s 
.0559 
.Msa 
.04sl 
.0555 
.0490 
.0489 
.0476 
,941s 
.04S6 
.0423 
.0611 
.0457 
.0562 
.0667 
.0519 
*OS35 
.0422 
,046s 
.0571 
.0544 
.0501 
.0466 
~0426 
.0516 
.0477 
.0442 
.0417 
,OSol 

).OsBC 
.036'i 
.oaee 
.023c 
.017: 
.04s6 
.0408 
.036C 
.03X 
.oaM 
.059e 
.04& 
.0375 
.0329 
.0324 
.0659 
.06l2 
.0487 
.0463 
.03B5 
.OS46 
.0351 
.osia 
.0295 
.oaes 
.oam 
.026-s 
.0538 
.oS24 
.04fm 
.049a 
.04a9 
.0406 
.0402 
.0396 
.0589 
.0367 
.0347 
.0263 
.0422 
.0423 
.0406 
.0532 
.0379 
.0333 
.04SS 
.0394 
.OMO 
.0516 
.0420 
.0483 
.0420 
*OS91 

:EoSX 
.ous 
.0400 
.ou7 
.0456 
.0416 
.os7e 
.033l 
.0447 
.0418 
.0371 

4452 

z'g 
5960 
2946 
2960 
2522 
2825 

E  
57al 
3477 
ssso 
3184 
3159 
4375 
4x0 
42u 
4asl 
4145 
4074 
4654 
466s 

z 
4655 
4806 
1946 
1264 
1859 
1852 
1769 
1841 
1627 
1853 
1654 
1525 
1615 
1665 
1053 

1E 
lUZ9 

920 
94.3 

1696 
1566 
2596 
asn 
2556 
asss 
2206 
2222 
6266 
3507 
SlsI 
3010 

g; 

4l23 

z%i 
6724 
5479 

4070 
E8s7 
3m3 
3336 
ami 
2685 
2521 
2572 
2440 
2287 
8195 
2956 
2796 
2673 
2658 
m m  
ma9 
3360 
3337 
5248 
3624 
3.350 

E3 
3202 
5196 

~~ 
1736 
15Bs 
1566 
15GS 

Ei 

E  
1340 
1+82 
1477 

937 
065 
898 
269 
884 

1Z 
11eo 
1749 
1749 
1711 

z.z 
1653 
227o 
2316 
2120 
2016 
Eo46 
2666 
2412 
a584 
2401 
3536 

E.i 

. 
E  N 

. 
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1.306 

FE 
A32 
1.349 
1.532 
1.537 
1.276 
1.202 
1.127 
1.480 
le390 
1.S29 
1.20s 
1.290 1'54s 
1.475 
1.462 
1.447 

xz 
lh.36 
1.878 
lb331 
1.293 
1.288 
1.865 
1.577 

?E 
1:3?ia 
1.295 
1.2s 
lie86 
1.318 
1.288 

::iZ 
1.142 
l.a22 
1.178 

::E 
1.141 
p'g . 

::Ei 
1.537 

::z 

14E 
1.807 
1.805 
l&470 
1.492 
1.473 
1.628 
1.472 
1.601 

E  

EE 

6pZ2~c 
Tr 
(lb/&r) 
lb thrust) 

2.396 
2.520 
2.237 
a.015 

2% 
2:SW 
2.391 
ado 
2.182 
2.960 
a. 52s 
2.411 
a.505 
a.849 

x'zi 
2:7OC5 
2.5l3 
2.448 
2.372 
2.646 

2% 
aZsl+ 

X:E 
2.8Sl 
2.860 

ee:z 
2.699 
a.557 
a.627 
2.446 
2.646 
2.746 
2.497 
2.167 
a.807 

2% 
a.877 
2.788 
a.678 
2.756 
2.746 
2.259 

X:ZZ 
2.002 
a.682 
2.53s 
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(b) Full-open po81t1oas. 

mgln?et3.- pariable-area exhtnu3t nozzle. 
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Gas flow ~ 

Y la 

t. 
1" 

i 
-. 

1" 

1, 

stainless- 
steel tubing 

A 

t - I 0.095" dizimd 
orifice I 

Section A-A 

-- 

Figure 4. - Details of fuel-spmg tubes. 
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-537 
C-22 160 
6-31-40 

(a) TJpab3am face. 

C-22163 
8-31-48 

m6Jl.w 5. - Two-ammhr-P flame holder. 
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(c) Schematio diagmm. 
Figure 5. - ccEmluaed. Two-aumuWT-f lame holder. 
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10 20 30 40 50x103 
Altitude* rt 

(a) FlIghti Haah number, 0.22. 

.’ 
--I 

_---- 
I t - Operating oondltions 

.-- investigated 

I I I I I I 
--- HACA standard temperatures 

and rated engine speed 

(b) Altitude, 25,000 feet. 

530 / 

500 / 

450 / I 
_/-- C- 

400 _I- 
-r 

330 

8000 --m---.-------m -m---m 

-' - 

7ooo I 
0 .25 .50 .75 1.0 I.25 1.50 1.' 

Flightkfaahnumber, k 
Cal Altitude, 46,000 feet. 

pfgure7. - Average values of en--inlet temperature and eqtivalent engine speed 
at ubiah investigation was aonduated. 
turbine-outlet temperature, 17100 B. 

Aatual engine apeed, 7900 rpml average 
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(a) Turbiue-outlet total temperature. 

.8 

.6 

(b) Tall-pipe combustion effiaienar. 
3600 

0 
3200 

I _ - 

I I I I I I I I 
02 03 .04 

Tail&e fuel&r ratio, (f/a], 
.05 

(a) Exhaust- total temperature 

Fi&sare 8. - Effect of altitude on variation of performmae with tail-pipe fuel-air ratio. 
Flight Mach nrrmber, 0.22; engine speed, 7000 rpm. 

_. 
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Ffgure 

Ii Altitude Average turbine-outlet Average oombustion-ahamber- 
(itI total pressure, 

(Ib/sq ft abs.) 
P6 inlet veloaitr, V7 

[it/sea) 
0 l5.ooo 2396 461 t 

H 
. 

: ZE 
1555 

45:ooo 
984 z 

A 592 509 

(d) Augmented thrust ratio. 

2.5 

-01 .Oe .03 .04 l 05 .06 
Tail-pipe fuel-air ratio, (f/a& 

(e) BpeoifTc fuel consuntption. 

8. - Conaluded. Effeat of altitude on variation 0r perfomanoe with tall-pipe 
fbel-air ratio. Plight Maah number, 0.22; engkre speed, 1000 rpn. 

. 
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.80 

\ y28OOt 

. 
_- 

(a) Tall-pipe combustion afficienay. 

Altitude, it 

(b) Total fuel-air ratio. 

Figure 9. - Variation of performance with altitude for oonstant 
exhaust-gas total temperatures. Flight Hach number, 0.22; 
engine speed, 7200 rpq average turbine-outlet total tempera- 
ture, 17100 B. 
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1. I I t I I I I I I 

(01 Augmnted thrust ratio. 

2.6 

20 20 30 30 
Altitude, ft Altitude, ft 

(d) Speoific fuel oonsumptlon. 

Figure 9. - Conoluded. Variation of performmoe with altitude 
r0r oonstant exhaust-gas total temperatures. F-U&t Mati 
number, 0.22; engine speed, 7200 rpq average turbine-outlet 
temperature, 2noO E. 
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(a) Turbine-outl.et total temperature. 

.8 

.6 

.4 
(b) Tail-ppipe oombwtion effiaiency. 

3600 - 

g: 

if- 3200 

f 

0 2800 
+1 

+ 
P p 

3 2400 / 

P I 

2000 
0 .Ol .oa .03 .01 .05 .06 

Tall-pipe fnel-air r&So, (f/a)t 
(a) %xhaust-gas total temperature. 

Hgure 10. - Erfect of Plight Mach number on variation of peribrmanoe with tail- 
pipe fuel-air ratio. Altitude, 25,000 feet; engine speed, 7800 rpm. 

. 
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(d) Au@nented thmzst ratio. 

2.5 2.5 

2.0 2.0 
0 0 .Ol .Ol .02 .02 .OS .OS .05 .05 .06 .06 

Tail-pipe ruel-air ratio, (f/a& 
(t) Speciiic fuel consumption. 

Figure 10. - Concluded. 
rith tail-pipe 

Effect of ELI&t Kaoh nu@er on variation of performance 
fuel-air ratio. Altitude, 25,000 feet; engine speed, 7200 rpm. 
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plight Yaoh busrage turbine-outlet Average combustion- 
number total premure, P6 &amber-inlet 

Lb (lb/sq ft aba.) velocity, V7 
(rt/ssa) 

0 0.23 592 
; .65 .86 z 486 %96 

A I.210 

; 
E 1500 2: 
1.62 1903 482 

(a) Turbine-outlet total temperature. 

(b) Tall-pipe oombustlon efflciencr. 
3600 

.- 

0 

8000 L 
.. .o .Ol .02 .03 ;04 -.a .06 

Tall-pipe Suel-air ratio, (f/a& . 
(c) Bxhaust-gas total. tenkperature, 

Figure 11. - mfeat of flight Maoh number on variation of performarm e with tail- 
pipe fuel-air ratio. Altitude, 46,000 feet3 engine speed, 7900 qna. -- 
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I I I I I I I t 

. s & 1.4 

I 

Average turbine-cutlet 
tokl &?=-%ss~, 

(lb/sq Ft abs.) 
Pfj 

Average combustion- 
&amber-Inlet 

velocity, V7 

(d) Augmented thrust ratio. 

I I I I I I I 
0 .Ql .02 .03 .04 .05 .06 

??ail-pipe fuel-air ratio, (r/aJt 
(a) Specffic fuel consmptlon. 

FIgme 11. - Coneluded. Effeat of fli@t Mach number on variation of performance 
with tail-pipe fuel-air ratio. Altitude, 45,000 feet; engine speed, 7900 rpt. 
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.a0 

(a) Tail-pipe combustion effioienOy. 

.055J 
0 .5 

Flight Maah mamber, k 

I 
1.0 

(b) Total fuel-air ratio. 

Ffgure 12. - Variation of pertomanoe with Plight Maoh number for 
several exhaust-gas temperatures. 
speed, 

Altftude, 25 000 feet8 engine 
7200 rpq average turbine-outlet temperature, 17100 R. 
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(c) Augmented thrust ratio. 

I I I I I t 

1.5 

-- -- 
+- +- 

‘ 

1.0. 
0 .5 

/ 
- Tall-pipe burning 
-- Standard engine H 

. 

Flight Hauh number, k 

(d) Speoifio fuel consumption. 

Flgure 12. - Conoluded. Va&ation of p0e0- e with night Maoh 
number for several exhawt-gas temperatures. 
feet 

Altitude, 25,000 
b 

engfPt apeed, 79OC rpms average turbine-outlet temperature, 
1710 R. 
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.80 

(a) Tail-pipe acmbustion efficiency. 

.040- 
0 .5 1.0 

Flight Mach number, MO 

(b) Total fuel-air ratio. 
Figure 13. - Variation of performmoe with flight Maah number for 

several exhaust-gas temperatures. Altitude, 45,000 feet; engine 
speed, 7900 rpmi average turbine-outlet temperature, 17100 R. 
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I I I I 

1.6 

(c) Augmented thrust ratio. 

2.0 
-Tail-pipe burning 
--Standard enme 

1.5 

l.OJ 
0 .6 1.0 

Flight Mach number, MC 
. 

(d) Sptcfflc fuel oonsumption. 

Figure 13. - Conoluded. Variation of' performance with flight Mac@ 
number for several exhaust-gas temperatures. Altitude, 45,000 feetj 
engine speed, 7900 rpm; average turbine-outlet temperature, 17X%' R. 
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Tail-pipe fuel-air ratio, 0.040 Tail-pipe fuel-air ratio, 0.040 
m-m- m-m- Maximum combytfon effiolency Maximum combytfon effiolency 

I90 I90 

60 60 

-937 -937 
50 50 

400 400 800 800 1200 1200 1600 1600 2000 2400 2000 2400 
Turbine-outlet total pressure, P6, lb/sq ft abs. 

Figure 14. - Effect of turbine-outlet total pressure on 
tail-pipe combustfon effioienoy. 



MACA RM EWE29 51 

- Eolee Pm 
flameholder 
Eltrute 

1 c- 24840 
12-2-49 

(a) Ccuubuetlon-uhamher-inlet vieKvithflame holder removed &plaring titerlooking St 
charmels used ln 3%inch-biameter seation. 

F&ure 15. - conaltlonce ooollng llner~ter17 houra d tail-pipe--r ope?mtlc%L . 

. 
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(b) DownEltream d cd? 008lbu8tion ohember (xl-lnohater eeoticm) tiemd through 
variable-area eubeuet nozzLe. 

Pigme 15. - Cmtinusd. copditic2n of ocdalg liner after 17 hour8 of tail-pipe-lnnner 
0perathL 
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- (0) close-up Tim? ce danzage to dovmatream end of liner. 

Figure w. -&ncluded. ck3?adition of oool3ng u.ner after 17 hour8 af tall-pipe-burner 
0peZdlm. 



. 



(a) Conioal fixed-area~exhauet nozele on standwd-engine tail pibe. 

R%haust-xlosr10- 
outlet area 

1.2 1.4 -uet-Maa~;'preas~~~~at~o, 1.6 Pzs 2.4 2.6 l 2.8 

(b) Variable-area exhaust nozrle on tail-pipe burner. 

Figure 18. - Variation of jet-t&met coefficient with exhaust-nozzle pressure iatio. 
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